
NOD1 Expression in the Eye and Functional Contribution to
IL-1β–Dependent Ocular Inflammation in Mice

Holly L. Rosenzweig, Kellen T. Galster, Stephen R. Planck, and James T. Rosenbaum
Casey Eye Institute, Oregon Health & Science University, Portland, Oregon

Abstract
PURPOSE—NOD1 plays an important role in host defense and recognizes the minimal
component of bacterial cell walls, meso-diaminopimelic acid (iE-DAP). Polymorphisms in NOD1
are associated with autoinflammatory diseases characterized by uveitis such as Crohn’s disease
and sarcoidosis. NOD1 is homologous to NOD2, which is responsible for an autosomal dominant
form of uveitis. Nonetheless, the role of NOD1 in intraocular inflammation has not been explored.
The induction of uveitis by iE-DAP in mice and the potential contribution of interleukin (IL)-1β
were investigated.

METHODS—BALB/c mice or mice deficient in caspase-1 or IL-1R1 and their congenic controls
were injected intravitreally with iE-DAP or saline. The time course, dose response, and
contribution of IL-1β to ocular inflammation were quantified by intravital video microscopy,
histology, and immunohistochemistry. NOD1 and IL-1β were measured in eye tissue by
immunoblotting and ELISA.

RESULTS—NOD1 protein is expressed in the eye and promotes ocular inflammation in a dose-
and time-dependent fashion. The authors previously defined the role of IL-1β in NOD2 uveitis and
tested whether NOD1 and NOD2 used similar mechanisms. Treatment with iE-DAP significantly
increased IL-1β, which was caspase-1 dependent. However, in contrast to NOD2, caspase-1 and
IL-1R1 were essential mediators of iEDAP– induced uveitis, suggesting that NOD1 and NOD2
induce ocular inflammation by distinct mechanisms involving IL-1β.

CONCLUSIONS—These findings demonstrate that NOD1 is expressed within the eye and that
its activation results in uveitis in an IL-1β–dependent mechanism. Characterizing the differences
between NOD1 and NOD2 responses may provide insight into the pathogenesis of uveitis.

Uveitis is a complex, immune-mediated set of diseases whose underlying mechanisms have
yet to be clearly defined. It is becoming increasingly apparent that innate immunity plays a
determinant role in previously considered autoimmune diseases. However, its role with
respect to mechanisms of uveitis has been underappreciated. Pattern recognition receptors
(PRRs), namely Toll-like receptors (TLRs) and nucleotide oligomerization domain (NOD)-
like receptors (NLRs), are central to the induction of innate immunity through their capacity
to detect pathogen-associated molecular patterns (PAMPs). PAMPs that trigger innate
responses have also been implicated in the induction of autoinflammatory responses in
several diseases associated with uveitis, such as sarcoidosis,1 Behçet’s disease,2 reactive
arthritis,3 ankylosing spondylitis,4 and inflammatory bowel disease. Consistent with this,
TLRs are expressed within the eye,5 and uveitis resulting from treatment with the TLR4
agonist lipopolysaccharide has been well characterized.6,7
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NLRs are just as likely as TLRs to be crucial participants in the basic immunologic
mechanisms involved in uveitis. Indeed, NLR family members have been identified as the
genetic link between diverse autoinflammatory diseases,8,9 many of which are associated
with ocular inflammation such as Muckle-Wells syndrome, neonatal onset multisystem
inflammatory disease, familial cold urticaria, vitiligo, and Crohn’s disease. One NLR
member in particular, NOD2, has been identified as the cause of the inflammatory disorder
Blau syndrome, which is an autosomal dominant form of uveitis and granulomatous
inflammation of the synovium and skin.10–14 Consistent with this, we have demonstrated
that NOD2 is expressed in eye tissue15 and that its activation triggers uveitis in mice.16

Clearly, investigating the function of other NLR family members is important for
understanding ocular inflammatory responses.

NOD2 is highly homologous with the NLR family member NOD1 in its structural domains
and function. NOD1 and NOD2 share a C-terminal leucine-rich repeat (LRR) domain that is
involved in PAMP recognition, a centrally located NOD domain, and an N-terminally
located caspase recruitment domain (CARD) involved in mediating downstream signal
transduction events.17 NOD1 and NOD2 play roles in host defense against invading
bacterial pathogens through their ability to sense muropeptides derived from the bacterial
cell wall component peptidoglycan (PGN). NOD1 recognizes molecules containing the
minimal dipeptide meso-diaminopimelic acid (iE-DAP) produced by most Gram-negative
bacteria.18 This is in contrast to NOD2, which senses muramyl dipeptide (MDP) and
muramyl tripeptide (MTP) prevalent in Gram-positive and Gram-negative bacteria.19,20 In
addition to pathogenic-derived ligands, some NLRs are thought to respond to danger signals
derived from endogenous ligands.21,22 However, this has yet to be demonstrated for NOD1
or NOD2.

On recognition of its agonist, NOD1 appears to exert its inflammatory effects through the
induction of signaling pathways similar to those of NOD2. As such, we hypothesized that, as
with NOD2, the activation of NOD1 could elicit ocular inflammatory responses
predisposing to uveitis. Both NOD1 and NOD2 require the kinase RIP2/RICK, which
contains a CARD domain, for downstream signaling events leading to activation of the
transcription factor NF-κB.23–25 Additional signaling pathways downstream of NOD1 have
not been fully characterized. However, the enzyme caspase-1 has been implicated as a
downstream effector of NOD1 in IL-1β production in vitro.26,27 Caspase-1 is the crucial
enzymatic component of the “inflammasome,” a multiprotein complex responsible for the
proteolytic cleavage of the proforms of IL-1β and other IL-1 family members to their
secreted and active forms.28 Elucidation of how the inflammasome is regulated by other
NLR family members (e.g., NALP3) has expanded our understanding of the molecular
processes involved in autoinflammatory diseases such as Muckle-Wells syndrome and
gout.29,30 We have demonstrated that IL-1β production in the eye induced by NOD2
activation by MDP requires caspase-1,31 suggesting that like NOD2, NOD1 may have a
similar capacity to regulate IL-1β production within the eye.

In addition to its role in bacterial infection, it is plausible that NOD1 within the eye plays a
role in the pathogenesis of inflammatory diseases with coincident uveitis. This postulate is
based on the observations that polymorphisms in NOD1 have been associated with increased
risk for diseases manifesting with uveitis, such as inflammatory bowel disease32 and
sarcoidosis.33 However, the mechanisms through which NOD1 is involved in the
pathogenesis of these diseases are still unclear. Undoubtedly, a better understanding of the
intracellular events induced by NOD1 is crucial for our understanding not only of how the
eye responds to infection but also for clarifying the pathogenesis of uveitis.
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Given that the protein expression and function of NOD1 within the eye have yet to be
explored, we sought to examine NOD1 expression in the eye and to test whether the
activation of NOD1 results in ocular inflammation in mice. We defined the dose and kinetics
of uveitis induced by the NOD1 agonist iE-DAP. We further explored the mechanism by
which iE-DAP triggers uveitis to discern whether it is similar to that activated by NOD2 on
MDP stimulation. As might be hypothesized, NOD1 functions like NOD2 to induce IL-1β
production in the eye in a caspase-1–dependent mechanism. Deficiency in caspase-1 or
IL-1R1 abrogated uveitis, identifying the IL-1 signaling pathway as an essential downstream
mediator of NOD1-triggered ocular inflammation. This is in contrast to NOD2, which
promotes IL-1β synthesis through caspase-1 but does not require IL-1 signaling events for
the development of uveitis. Taken together, our findings establish a novel role for NOD1 in
ocular inflammation and discern mechanisms distinguishing NOD1 from NOD2.

METHODS
Reagents

Synthetic iE-DAP and iE-Lys (an inactive derivative of iE-DAP) were purchased from
Invivogen (San Diego, CA); MDP was purchased from Bachem (Torrance, CA). Peptides
were dissolved in sterile saline for injections. All three reagents tested below the lower limit
of detection of endotoxin activity by limulus amebocyte lysate assay. Mice were given
intravitreal injections (2 µL volume) via a Hamilton syringe with a 30-gauge, half-inch
needle.

Mice
Age-matched (8- to 10-week-old) female BALB/c mice or mice deficient in caspase-1 or
IL-1R1 and their appropriate strain controls (nonobese diabetic [NOD] and C57BL/6,
respectively) were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were
housed in a facility approved by the Association of Assessment and Accreditation of
Laboratory Animal Care International. Procedures were carried out in accordance with
National Institutes of Health and ARVO guidelines and Oregon Health and Science
University Institutional Animal Care and Use policies.

Intravital Microscopy
Leukocyte responses within the vasculature and the extravascular tissue of the iris were
assessed by intravital microscopy according to a previously established method.16 Briefly, at
the time of imaging, animals were injected intraperitoneally with 35 mg/kg rhodamine 6G
(Sigma, St. Louis, MO) and were anesthetized with 1.7% isoflurane. Digital images of the
iris vasculature were captured with a black-and-white video camera (Kappa Scientific,
Gleichen, Germany) on an epifluorescence intravital microscope (modified Orthoplan;
Leica, Wetzlar, Germany) in three independent regions. Diameter and length of each vessel
segment or iris tissue and leukocyte phenotype (rolling, adhering, infiltrating) were
quantified off-line with Image J analysis software (developed by Wayne Rasband, National
Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html.), as
previously described.16

Histology and Immunohistochemistry
Mouse eyes were prepared for histologic assessment as previously described.16 Briefly,
whole eyes were dissected, fixed, and embedded in paraffin for sectioning. Seven-
micrometer tissue sections were stained with hematoxylin and eosin. An observer masked to
treatment groups quantified the number of leukocytes within the anterior chamber of seven
sections for each eye (approximately every tenth slide of a whole eye sectioned completely).
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The mean number of leukocytes per section was then calculated for each mouse eye. For
immunohistochemistry, tissue sections were deparaffinized, as discussed, incubated with 2%
goat serum in PBS for 1 hour at room temperature, and incubated with 2.5 µg/mL rat anti–
mouse Ly6G/GR1 antibody (R&D Systems, Minneapolis, MN) in a humidified atmosphere
overnight at 4°C. Sections were washed and incubated in 1:500 dilution of goat anti–rat IgG
antibody (eBioscience, San Diego, CA) overnight at 4°C, followed by extensive washing in
PBS. Antibody-antigen complexes were visualized with the substrate diaminobenzidine
(DAB) according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA) and were
counterstained with methyl green (Sigma). Slides were photographed at 400× with a
microscope (DM500B; Leica, Wetzlar, Germany) and a digital camera (DC500; Leica).

Protein Analysis
Protein was extracted from whole eye tissue in the presence of protease inhibitors, as
previously described.31 Protein concentrations were determined using a kit (BCA; Pierce-
Endogen, Rockford, IL), and equal amounts of protein for each sample were measured for
IL-1β by ELISA (R&D Systems). Expression of NOD1 was assessed by immunoblotting
according to a modified protocol34 with the use of an anti–mouse/human NOD1 goat
antibody (Santa Cruz Biotechnology, Santa Cruz, CA), which was detected with near
infrared-fluorescence-labeled secondary antibody (IRDye-698; Licor-Odyssey, Lincoln,
NE). Images were captured using commercially available software (Licor- Odyssey), and the
fluorescence intensity of the bands was measured. Data were analyzed as a ratio of NOD1
expression to β-actin and expressed relative to saline controls.

Statistical Analysis
Data are represented as mean ± SEM. Mean differences between treatment and genotype
were analyzed using two-way and one-way analyses of variance with Bonferroni test or t-
test post hoc analyses. Differences were considered statistically significant when P < 0.05.

RESULTS
Expression of NOD1 in Murine Ocular Tissue

NOD1 has been considered primarily expressed within immune cells and lymphoid tissues.
Although its mRNA expression has been documented in murine eye tissue,5 its protein
expression in mouse eye tissues has yet to be determined. As shown in Figure 1, NOD1 is
constitutively expressed within murine eye tissue. We did not observe any change in protein
levels in response to local treatment with the NOD1-specific agonist iE-DAP at a dose and
time that induced inflammation.

Ocular Inflammation in Mice Resulting from Injection with the NOD1 Agonist iE-DAP
Our finding that NOD1 is present in eye tissue prompted us to further hypothesize that it
could contribute to uveitis. To explore the functional significance of NOD1, we used
chemically synthesized dipeptide, ie-DAP, which is devoid of contamination of other
bacterial products. ie-DAP is considered the minimal motif of PGN responsible for the
activation of NOD1.18 We examined the effects of increasing doses of locally administered
ie-DAP on the ocular inflammatory response within the microvasculature of iris tissue by
intravital microscopy (Fig. 2). We observed a dose-dependent effect of iE-DAP treatment
with maximal inflammation achieved at a dose of 100 µg. Treatment with iE-Lys, which is
an inactive derivative of iE-DAP that does not activate NOD1, did not cause any
inflammation, indicating the specificity of iE-DAP. We were unable to test greater doses of
iE-DAP because of limitations of the solubility of iE-DAP and the volume we could inject
intravitreally in mice. Notably, we did not observe any influence of strain on the ocular
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inflammatory response to 100 µg iE-DAP when comparing BALB/c and C57BL/6tyr−/−

mice, which lack pigment as a consequence of tyrosinase mutation (data not shown). The
albino C57BL/6 mice were used in these studies because pigment interfered with detection
of fluorescence by intravital microscopy.

To determine the duration of the inflammatory response induced by iE-DAP, mice were
treated with intravitreal injections of 100 µg iE-DAP or saline, and ocular inflammation was
assessed by intravital microscopy as a function of time (Fig. 3). Inflammation was detectable
as early as 5 hours after treatment and was still present at 24 hours, as indicated by the
significant increase in the number of rolling, adhering, and infiltrating leukocytes.
Interestingly, the inflammation induced by iE-DAP was more sustained than what we have
reported for MDP-induced uveitis, wherein the ocular inflammatory response was
completely resolved by 24 hours.16 We also observed a significant increase in leukocyte
presence within the aqueous of the anterior chamber in mice treated with iE-DAP and
increased fibrin deposition (Fig. 4B). At 24 hours after treatment, iE-DAP resulted in a
significant increase in the number of leukocytes/tissue section (45 ± 2.9) within the aqueous
of the anterior chamber of the eye compared with 3.5 ± 1.2 for saline (P < 0.05). Based on
their characteristic nuclear morphology, most leukocytes appeared to be neutrophils. Indeed,
immunohistochemistry confirmed the presence of neutrophils in the aqueous (Figs. 4C, 4D).
We also observed a minor neutrophil infiltrate within the nerve fiber layer of the retina
(Figs. 4E, 4F) and to some extent within the choroid (data not shown). We observed limited
inflammation within the vitreous humor. Control sections stained with an isotype control
antibody showed no positive staining (data not shown). These new data support the role for
neutrophils in iE-DAP–induced uveitis, which would be consistent with our previous report
of MDP induced uveitis16 and endotoxin-induced uveitis.35

IL-1β Role in Ocular Inflammation Induced by iE-DAP
NOD1 and NOD2 share common structural domains and functions in that they both activate
downstream signaling pathways by way of their interactions with RIP2 and their CARD
domains. Therefore, we hypothesized that NOD1 and NOD2 might use similar mediators to
trigger ocular inflammation. To test this hypothesis, we chose to focus on the roles of IL-1β
and caspase-1, which we have defined in NOD2-driven ocular inflammation.31 We
demonstrated that NOD2 activation induces IL-1β expression in the eye and that caspase-1
plays an essential role in MDP-induced IL-1β production.31 As such, we tested whether iE-
DAP induced IL-1β production in the eye and whether its proteolytic processing was
dependent on caspase-1. As shown in Figure 5A, we found that protein levels of IL-1β
within iE-DAP–injected eyes were significantly increased at 5 hours after treatment.
Moreover, mice deficient in caspase-1 showed a significant reduction in IL-1β production
(Fig. 5B). These data indicate that NOD1 activation results in increased IL-1β and that IL-1β
production depends on caspase-1. This finding is consistent with what we have shown for
the effect of NOD2 on IL-1β production in the eye.

We then assessed the functional role of IL-1 processing and signaling events in the ocular
inflammatory response elicited by iE-DAP (Fig. 6). Caspase-1 KO mice and their congenic
controls were treated with iE-DAP, and the peak ocular inflammatory response was assessed
by intravital microscopy at 5 hours (Figs. 6A–6C). Caspase-1 deficiency significantly
diminished the development of ocular inflammation in response to iE-DAP. The number of
rolling leukocytes tended to be decreased, and the numbers of adhering and infiltrating
leukocytes were significantly reduced compared with congenic controls. We did not observe
any significant difference between genotypes at the 24-hour time period (data not shown).
Because caspase-1 is responsible for the proteolytic cleavage of pro–IL-1β to its mature
form, in addition to other cytokines such as IL-18, we used IL-1R1 KO mice to assess the
specific contribution of IL-1β signaling events. The IL-1R1 KO mice are on a C57BL/6
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background with iris pigmentation, which obscures the detection of fluorescent leukocytes
through intravital microscopy. Thus, we assessed the number of leukocytes within the
anterior chamber by histology (Fig. 6D). Deficiency in IL-1R1 completely abolished the iE-
DAP–induced leukocyte response within the anterior chamber, indicating an essential role
for IL-1 in ocular inflammation downstream of NOD1. Surprisingly, this finding is in
contrast to that of NOD2, wherein MDP-induced uveitis occurred independently of IL- 1β.31

Taken together, these findings indicate that IL-1β signaling events are crucial in NOD1-
driven ocular inflammation, thereby distinguishing mechanisms of NOD1 from NOD2-
uveitis.

DISCUSSION
Elucidation of the role of different pattern recognition receptors in the eye could lead to new
perspectives on the ocular inflammatory processes underlying uveitis. The connection
between NLR family members, such as NOD2, and autoinflammatory diseases manifesting
with uveitis undoubtedly warrants further investigation of NLR family members in ocular
inflammatory responses. Here, we demonstrate that another NLR family member, NOD1, is
present in murine eye tissue and is functionally active as local treatment with its agonist
results in ocular inflammation in a dose- and time-dependent fashion. Like that of NOD2,
NOD1 activation resulted in the production of IL-1β in the eye in a caspase-1–dependent
mechanism. Yet, to our surprise, NOD1 and NOD2 differed with respect to the role of IL-1
signaling events in the development of ocular inflammation.

Although NOD1 was originally considered to be expressed predominantly in lymphoid
tissue, its expression has more recently been documented in nonlymphoid tissue.36–38 We
demonstrate here that NOD1 protein is expressed in eye tissue. Our finding is consistent
with an earlier report of Nod1 mRNA expression in murine eye tissue5 and in human corneal
epithelial cells.39 Thus, it is plausible that NOD1 could trigger uveitis by acting locally
within the eye, especially considering that local injection of its agonist results in ocular
inflammation. It is also possible that leukocytes expressing NOD1 and recruited to the eye
could contribute to the propagation of the inflammatory response in the setting of the
appropriate ligand. Indeed, we found an increased presence of neutrophils, which are known
to express NOD1, within the aqueous, vitreous, and the nerve fiber layer of the retina. The
location of the ocular inflammation resulting from an intravitreal injection of iE-DAP may
be indicative of the location of NOD1 within the eye. Our data suggest a role for NOD1
within the anterior and posterior segments of the eye. Future investigation of the specific cell
types within the eye that express NOD1 and their responsiveness to iE-DAP should be
informative. We did not observe any variation in NOD1 protein levels in response to
stimulation with its ligand at the peak of inflammation (5 hours) or at 2 or 24 hours after
treatment. This may indicate that its activity was determined by its homodimerization and
interactions with RIP2 rather than by its regulation at the protein expression level.

The mechanisms by which NOD1 could trigger ocular inflammation have not been explored
until now. Our studies here identify IL-1β processing through caspase-1 and IL-1R1
signaling as contributing events. IL-1β mRNA expression is regulated by NF-κB, but its
biological activity is further regulated by its proteolytic processing and secretion, which are
mediated by caspase-1 in the inflammasome. Unlike TLRs, which activate only the NF-κB
pathway and require a second signal for activation of the caspase-1 pathway, NLRs appear
to have the capacity to directly regulate caspase-1 activity.28 Indeed, we have previously
demonstrated that NOD2 activation results in IL-1β production in a caspase-1–dependent
fashion in the eye.31 We report here the novel finding that NOD1 has a similar capacity in
vivo, which places importance on the previously underexplored caspase-1 or inflammasome
pathway in ocular inflammatory responses. Although caspase-1 has been identified as a
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downstream mediator of NOD1 with respect to IL-1β production in vitro,26,27 our findings
here are the first demonstration of this capacity in vivo. Because of the described ability of
NOD1 to activate NF-κB, we might also speculate that NOD1, like NOD2, is able to initiate
signals to NF-κB and to caspase-1 pathways, thereby resulting in the production of IL-1β
independently of other TLR signals. Increased NF-κB–regulated expression of cytokines and
chemokines, which promote leukocyte-endothelium interactions and infiltration, may also
influence the ocular inflammatory response downstream of NOD1. Our data suggest the
involvement of IL-1 signaling events in leukocyte adherence and infiltration because these
processes were affected the greatest in caspase-1 KO mice. Alternatively, IL-1 could be
involved in crucial early events, such that in its absence the development of subsequent
inflammatory events is impeded. The inflammatory effects of IL-1R1 activation—including
the upregulation of numerous inflammatory mediators transcribed by NF-κB, such as
cytokines and chemokines that could contribute to inflammation at later times—have been
described.

Interestingly, our finding that IL-1β processing and signaling events are essential in NOD1-
mediated uveitis is in contrast to what we demonstrated for NOD2. In NOD2-mediated
uveitis, IL-1β is produced within the eye in response to MDP in a caspase-1–dependent
manner, similar to what we found after iE-DAP activation of NOD1. However, caspase-1
and IL-1β were not essential for ocular inflammation mediated by NOD2, though they were
involved in systemic inflammatory responses triggered by MDP.31 The difference between
NOD1 and NOD2 mechanisms of uveitis was surprising given the homology in protein
structure and downstream signaling events involving RIP2, NF-κB, and caspase-1.
However, it has been suggested that distinct signaling mediators, such as TRAF6 in NOD2,
could be involved rather than TRAF2 and TRAF5 in NOD1 signaling.40 Consistent with our
findings, a recent report described differential functional roles for NOD1 and NOD2 in
regulating acute joint inflammation in a mouse model of arthritis, 41 supporting the idea of
distinct inflammatory events that distinguish NOD1 and NOD2 and warrant further
investigation in other inflammatory diseases.

Similar to MDP, iE-DAP in itself is not a highly potent inflammatory agent.18 In models of
inflammation in other organ systems, comparable doses of iE-DAP and MDP were used in
vivo.16,42–44 NLRs, which are located within the cytoplasm, may require greater doses of
ligand for their activation than are needed for the activation of cell-surface receptors.
However, the sensitivity of the receptor or the tissue type may also influence responses
because comparable amounts of the TLR2 agonist PGN are used to induce local knee
inflammation in mice.45 Exactly how the NODs are activated in response to their agonist is
not understood, but several theories have been proposed. Active phagocytosis seems
reasonable in bacterial infection or in response to PGN, which could subsequently be broken
down to peptides activating NOD1 or NOD2 within the cytosol. In addition, direct bacterial
infection could occur. The agonist of NOD2, MDP, is directly internalized in cells,46 and an
active intracellular muropeptide transport system involving PepT1 has been described in
epithelial cells.47 There is yet to be any evidence demonstrating a direct interaction between
NOD1 and NOD2 and their agonists, suggesting that they might even require some
additional factors in the cytosol or plasma membrane for recognition of their agonists. As
such, it is possible that the NODs act as downstream signaling transducers. Nonetheless, we
emphasize that despite the dose, iE-DAP did elicit a specific response because the same dose
of the inactive form of the peptide did not cause ocular inflammation.

Even though the inflammatory effects of NOD1 and NOD2 agonists are lower than those of
TLR agonists, a synergistic effect between the two systems appears to occur, indicating an
additional regulatory function of the NODs. Simultaneous stimulation of macrophages with
iE-DAP and LPS results in the synergistic production of cytokines18,48,49 indicating that
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NOD1 may serve to amplify TLR responsiveness. The synergistic effect of MDP and TLR
agonists in vitro and in vivo has been more widely reported.48–52 The cross-talk between the
NLR and TLR systems has been proposed as an important regulatory function in immune
homeostasis. This could make sense in situations in which TLR responsiveness might be
compromised or suppressed, as in the intestine, where TLRs are thought to be tolerant or
refractory to activation as a consequence of continual exposure to bacteria in the intestinal
tract. Indeed, a recent report indicates that NOD1 and NOD2 are important components in
LPS tolerance.53 The role for NOD1 and NOD2 in promoting inflammatory responses is
contradictory to other findings of NOD2 in which NOD2 functions to negatively regulate
TLR2-inflammatory responses. Mice deficient in NOD2 are more susceptible to intestinal
inflammation54,55 and produce greater amounts of IFN-γ and T-helper 1 T cells, which are
considered part of the pathologic mechanisms of Crohn’s disease and colitis. This function
may explain, in part, how NOD2 polymorphisms predispose to Crohn’s disease because the
common polymorphism (Leu1007fsinsC) results in a truncated form of NOD2 that is
unresponsive to MDP.51,56 Such a loss of function may result in unregulated TLR2
responsiveness, thereby rendering the intestine prone to hyperinflammation in the face of
continual bacterial exposure. Whether NOD1 performs similar regulatory functions within
the intestine has not been explored to the same extent. Bouskra et al.57 published findings on
the importance of NOD1 in regulating intestinal homeostasis through the maintenance of
lymphoid follicles. Thus, although intracellular Gram-negative infections are relatively rare
within the eye, NOD1 is nonetheless likely to be an important mediator of intraocular
inflammation directly or perhaps through its regulatory effects on TLR responses. Future
studies to investigate the possible interplay of NOD1 activation with TLR responses or even
NOD2 responses in vivo should be informative.

In conclusion, the NLR family plays an important role in immune surveillance and just as
likely plays an important role in regulating ocular inflammatory responses. Our findings
here are the first steps toward understanding how direct activation of NOD1 triggers ocular
inflammatory events that might predispose a person to uveitis.
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FIGURE 1.
NOD1 is expressed in murine eye tissue. Mice were treated with intravitreal injections of
saline or 100 µg iE-DAP. NOD1 protein expression was measured by immunoblotting. Top:
representative immunoblot at 5 hours after treatment. Bottom: densitometric quantification
of NOD1 protein expression relative to β-actin as a function of time after treatment. Values
are expressed as mean average of the fold induction relative to saline controls. Data are
mean ± SEM (n = 3 pools of 3 mice/treatment).
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FIGURE 2.
Treatment with the NOD1 agonist iE-DAP results in ocular inflammation in a dose-
dependent manner. Mice received intravitreal injections of saline (0) or increasing doses of
iE-DAP (25–100 µg). The ocular inflammatory response was assessed by intravital
microscopy at 5 hours after treatment, and the numbers of rolling, adhering, and infiltrating
leukocytes were determined. As an additional control, mice were treated with iE-Lys, an
inactive derivative of iE-DAP. Data are mean ± SEM (n = 8–10 mice/treatment). *P < 0.05
(comparison between saline and iE-DAP treatments).
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FIGURE 3.
Treatment with the NOD1 agonist iE-DAP results in ocular inflammation within a specific
time frame. Mice were treated with intravitreal injections of saline or 100 µg iE-DAP. The
ocular inflammatory response was assessed by intravital microscopy at different times after
treatment, and the numbers of rolling, adhering, and infiltrating leukocytes were determined.
Data are mean ± SEM (n = 8–10 mice/treatment/time). *P < 0.05 (comparison between
saline and iE-DAP treatments).
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FIGURE 4.
iE-DAP treatment results in increased leukocytes within the anterior chamber of the eye.
Mice were treated with intravitreal injections of saline or 100 µg iE-DAP. (A, B) The
leukocyte infiltrate within the anterior chamber of the eye was assessed histologically with
hematoxylin and eosin staining at 24 hours after treatment. Arrow: infiltrating leukocyte.
(C–F) Neutrophil infiltrate was assessed by immunohistochemistry. (C, D)
Immunoreactivity (brown) of leukocytes within the vitreous to Ly6G at 24 hours after
treatment. (C) Saline control; (D) IE-DAP treated. (E, F) Immunoreactivity to Ly6G within
the retina. (E) Saline control; (F) iE-DAP treated. n = 5–6 mice/treatment.
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FIGURE 5.
Activation of NOD1 by iE-DAP results in increased IL-1β in the mouse eye by caspase-1.
Mice were treated with intravitreal injection of saline or 100 µg iE-DAP. Cytokine
production of IL-1β in eye tissue homogenates was measured by ELISA as a function of
time after treatment (A) or in caspase-1 knockout (KO) mice (B) 5 hours after treatment.
Data are mean ± SEM (n = 6 mice/treatment/time/genotype). *P < 0.05 comparison between
saline and iE-DAP treatments within a genotype. ψP < 0.05 (comparison between iE-DAP–
treated wild-type and caspase-1 KO mice).
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FIGURE 6.
iE-DAP–induced ocular inflammation is dependent on caspase-1 and IL-1 signaling. Mice
were treated with intravitreal injections of 100 µg iE-DAP or saline. The ocular
inflammatory response was assessed by intravital microscopy 5 hours after treatment in
caspase-1 KO mice and their controls (wild-type [WT]), and the numbers of rolling,
adhering, and infiltrating leukocytes were determined (A–C). Histologic assessment was
performed 24 hours after treatment in IL-1R1 KO mice and their controls (WT), and the
number of leukocytes within the anterior chamber was determined (D). Data are mean ±
SEM (n = 5–6 mice/treatment/time/genotype). *P < 0.05 (comparison between saline and
iE-DAP treatments within a genotype). ψP < 0.05 (comparison between iE-DAP–treated WT
and caspase-1 KO mice or IL-1R1 KO mice).
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